The purpose of the present work was twofold: first, to determine if a length scale existed that would cause the greatest augmentation in stagnation region heat transfer for a given turbulence intensity and second, to develop a prediction tool for stagnation heat transfer in the presence of free stream turbulence. Toward this end, a model with a circular leading edge was fabricated with heat transfer gages in the stagnation region. The model was qualified in a low turbulence wind tunnel by comparing measurements with Frossling's solution for stagnation region heat transfer in a laminar free stream. Five turbulence generating grids were fabricated; four were square mesh, biplane grids made from square bars. Each had identical mesh to bar width ratio but different bar widths. The fifth grid was an array of fine parallel wires that were perpendicular to the axis of the cylindrical leading edge. Turbulence intensity and integral length scale were measured as a function of distance from the grids. Stagnation region heat transfer was measured at various distances downstream of each grid.
INTRODUCTION
Heat transfer to a stagnation region is important in many engineering applications; none, however, is more critical than in the gas turbine where combustor exit temperatures often exceed the melting point of superalloy turbine airfoil materials. In most cases the highest heat transfer rate on a turbine airfoil occurs in the stagnation region thus making it critical for the design of cooling schemes to obtain an accurate pre-*Corresponding author. Tel." (709) 737-8382. Fax: (709) (Frossling, 1958) . Free stream turbulence can augment stagnation region heat transfer; ratios of turbulent to laminar heat transfer as high as 1.7 have been measured. In a gas turbine the stream of combustion products approaching an airfoil is not laminar; turbulence intensities of 11% have been measured at the exit of a combustor (Zimmerman, 1979) ; modern, high enthalpy rise combustors probably produce even higher levels.
Stagnation region heat transfer augmentation in the presence of free stream turbulence is believed to be caused by vorticity amplification (see Morkovin [1979] for a review). Free stream turbulence can be viewed as a continuum of tangled, vortical filaments; those filaments with components normal to the stagnation line and normal to the free stream flow are convected into the stagnation region where they are stretched and tilted by the divergence of streamlines and acceleration around the bluff body. This stretching causes the vorticity to be intensified through conservation of angular momentum. It has been shown both experimentally and numerically (Hanarp and Suden, 1982; VanFossen and Simoneau, 1987; Rigby and VanFossen, 1991) that vorticity in the stagnation region causes heat transfer to be increased while the boundary layer remains laminar. Turbulent eddies that are very large relative to the size of the bluff body are not stretched and thus act only as mean flow variations while eddies that are very small are destroyed by viscous dissipation before they can interact with the boundary layer. This leads to the hypothesis that somewhere between these two extremes there must be an optimum eddy size that causes the highest heat transfer augmentation. Two goals of this research were to determine this optimum eddy size and to develop a more accurate correlation that could be used by designers to predict heat transfer.
It has been known for many years that free stream turbulence can augment stagnation region heat transfer (Giedt, 1951 Seban, 1960 ; however, results of experiments are inconsistent and attempts to correlate heat transfer augmentation as a function of turbulence intensity and Reynolds number while ignoring the length scale (Zapp, 1950; Schnautz, 1958; Smith and Kuethe, 1966; Kestin and Wood, 1971; Mehendale et Ames used three different diameter cylinders to investigate stagnation region heat transfer; his data were well correlated using his new parameter. The data of several other researchers (Lowery and Vachon, 1975; Dyban et al., 1975) A dual channel spectrum analyzer was used to obtain autocorrelation data. The analyzer featured a 12-bit analog to digital conversion rate of 2.56 times the selected frequency and an anti-aliasing filter with a rollofl" of 120 dB/octave. The selectable frequency range was from 10 Hz to 100 kHz. A personal computer was interfaced to the spectrum analyzer for data storage and processing. Steady-state operating conditions (temperature, pressures, voltage and current to gages, etc.) were recorded on the Laboratory data acquisition system called ESCORT (see Miller, 1978) . For every heat transfer data point, twenty readings of each data channel were recorded. These twenty readings were averaged to give a single value for each channel. To eliminate any off'set between data channels caused by the solid state multiplexers, a reading was obtained by shorting all the inputs to ESCORT and subtracting this "zero" from each subsequent reading.
tions were carried out using a two point, iteration method in conjunction with the signal linearizers (see Anon). The frequency response of the hot-wire anemometer system was estimated to be around 30 kHz using the standard square wave test. For the two component velocity measurements, the correction factor in Champagne's equation (Champagne et al., 1967) which accounted for the cooling due to the tangential velocity component along the wire (Ames, 1990; Wiegland, 1978; Tan-Atichat, 1980 
T.,., is the static temperature upstream of the model.
The recovery factor, r, was calculated as
the mass flow ratio, pU(s)/(pU) was found from a numerical solution of flow over the plate that included the tunnel walls (Rigby and VanFossen, 1992) . The thermal conductivity and viscosity were evaluated at the free stream total temperature from equations given by Hillsenrath et al. [1955] . Total temperature was used to evaluate the thermal properties because Rigby and VanFossen [1992] showed that if the thermal properties were based on a reference temperature that involved the wall temperature, reversing the direction of heat flux (cooling the wall) caused an undesirable change in the Frossling number.
The Reynolds number, Re,i, was based on the diameter of the leading edge and the mass-velocity averaged between the flow area with maximum model blockage and the unblocked flow area, i.e. .053 (p u)<. (6) where the blockage, B, is the ratio of leading edge diameter to tunnel height (B .096). [1953] . Results of the uncertainty analysis indicated an average uncertainty (95% confidence) of ___6.6% for the Frossling number. The level of uncertainty introduced by the corrections made for the conduction heat losses from the sides and unguarded ends of the aluminum strips accounted for about 44 percent of the total uncertainty; percentages attributed to other variables were: recovery temperature--20, gage temperature--11, heater voltage--8, heater current--8, flow rate--7, and thermocouple reference temperature--2. The uncertainty in turbulence intensity and length scale was estimated with the method suggested by Yavuzkurt [1984] FIGURE 5 Turbulence intensity data and curve fit compared to data of Baines and Person [1951] .
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which is also shown on the figure for reference. Each grid and Reynolds number had slightly different characteristics so intensity data for each case were fit with a power law of the form Tu-at-}
Coefficients for each of the fits appear in Table II and the curve for each case is shown on figure 5 . Several spanwise traverses were made downstream of the grids; typically, the variation of turbulence intensity was around 5%.
Length Scale Figure 6 shows the variation of the integral length scale in the streamwise direction behind grids G1-G5. Increase in the integral length scale with distance from the grid is apparent in all cases. This is expected, since the smaller eddies dissipate faster than the larger eddies. Also shown on the figure is a correlation due to Roach [1987] . Roach figure 6 .
These curvefits were used to determine the value of length scale when evaluating the heat transfer dependence. Stagnation Region Augmentation Figure 9 shows the Frossling number at stagnation plotted against the correlating parameter, TuRe,! /2, developed by Smith and Kuethe [1966] . Turbulence intensity and length scale correspond to those measured in the wind tunnel downstream of the grid at the axial location of the stagnation line of the cylinder without the model present and were calculated from the correlations in Table II 
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